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ABSTRACT 24
The tolerance of the yeast Saccharomyces cerevisiae to desiccation is important for the 25 use of this microorganism in the wine industry, since active dry wine yeast is routinely 26 used as starter for must fermentations. Many studies have shown the complexity of the 27 cellular effects caused by water loss, including oxidative injuries on macromolecular 28 components. However the technological interest of yeast drying was not addressed in 29 those studies, and the dehydration conditions were far from the industrial practice. In 30 the present study a molecular approach was used to characterize the relevant injuring 31 conditions during pilot plant dehydrations under two different drying temperatures (i.e., 32 35 and 41ºC). We have analyzed expression changes for several stress gene markers and 33
we have determined two biochemical redox indicators (glutathione and lipid 34 peroxidation levels) during pilot plant dehydrations to produce active dry biomass, 35 according to the standard practice in industry. The main gene expression response 36 dehydration resulting in denaturation of proteins, nucleic acid damage and lipid 94
Gene expression analysis by quantitative real-time PCR 169
PCR primers (Table 1) , except for the 183 RDN18 gene that were 4 × 10 -2 , 2 × 10 -2 , 1 × 10 -2 , 5 × 10 -3 , 2 × 10 -3 and 1 × 10 -3 ). The 184 100 mg of cells were resuspended in 8 mM HCl, 1.3 % (w/v) 5-sulphosalicylic acid (4 193 ºC). Cells were broken with 0.6 g glass beads in four cycles of 1 min agitation on a 194 vortex mixer, followed by 1 min on ice, and then incubated on ice for 15 min to 195 precipitate proteins. The supernatants obtained after centrifugation were used to 196 determine total and oxidized glutathione (GSSG) by a colorimetric assay (Griffith, 197 1980; Tietze, 1969) . 200 μL of extract were added to 120 μL of enzymatic cocktail (0. 
Measurement of lipid peroxidation 209
The method based on the reaction of thiobarbituric acid with reactive species derived 210 from lipid peroxidation, particularly malondialdehyde (MDA), was used. Detection of 211 thiobarbituric acid reactive species (TBARS) was carried out by a colorimetric assay 212 described by Buege and Aust (1978) with some modifications (Espindola et al., 2003) . 213 50 mg of cells were resuspended in 500 μL of 50 mM phosphate buffer, pH 6.0, 214 containing 10 % trichloroacetic acid, and 0.3 g glass beads were added. The samples 215
were broken by three cycles of 1 min agitation on a vortex mixer followed by 1 min on 216 ice. After centrifugation, supernatants were mixed with 0.1 mL of 0.1 M EDTA and 0.6mL of 1 % (w/v) thiobarbituric acid in 0.05 M NaOH. The reaction mixture was 218 incubated at 100 ºC for 15 min and then cooled on ice for 5 min. The absorbance at 532 219 nm was measured. Lipid peroxidation is expressed as pmoles of malondialdehyde/mg of 220 dry cell weight. 221
Intracellular trehalose determination 222
Cell free extracts from 10 mg cells were obtained according to Parrou and François, 223 (1997) . Trehalose was measured by enzymatic degradation with commercial trehalase 224 (Sigma). Released glucose was determined by the glucose oxidase/peroxidase assay. 225
The amount of trehalose is given in µg of trehalose/mg of dry cell weight. 226 of drying, the water content diminished to 40 % at both temperatures ( Fig. 1) . At adrying temperature of 41 ºC, the biomass showed a residual moisture beneath 8 % after 243 18 minutes of drying, and the moisture content in the final product was 4.77 % ± 0.26 244 %. In the drying at 35 ºC, the biomass reached the same level of dehydration after 28 245 minutes of drying, and the moisture content in the final product was 5.51 % ± 0.38 % 246 (Fig. 1) . 247
The quality of final products (ADY) obtained in a pilot plant scale was compared to 248 three T73 commercial stocks supplied by Lallemand S.A.S. Trehalose content and 249 fermentative rate were analyzed as physiological parameters for pilot plant yeast creams 250 and ADY from 35 and 41 ºC drying protocols, and also for ADY commercial products. 251
The results of those determinations are shown in Table 2 . The trehalose content in the 252 pilot plant yeast cream was 180.8 ± 16.5 μg of trehalose/mg of dry cell weight, it 253 slightly varied along the handling and dehydration processes, and it was not 254 significantly affected by the drying temperature (Table 2) . However, trehalose 255 accumulated to higher levels in the three industrial stocks (A, B and C) with relatively 256 small differences between them (less than 10 %). No significant differences in 257 fermentative capacity were detected between pilot plant ADY samples, and their CO 2 258 production rate was similar to the rate displayed by commercial stocks. 259 An equivalent study of gene marker expression was applied to the commercial ADY A, 288 B and C stocks. Because biomass yield and fermentative capacity of the ADY pilot and 289 industrial plants were similar, the cream yeast of the pilot plant was used to normalize 290 the mRNA levels of industrial stocks. Then, these levels were compared to thosemRNA levels for the induced stress gene markers in industrial stocks were higher than 293 in pilot plant ADY (see Fig. 2 ), and some gene induction differences were detected 294 among the three industrial stocks. Interestingly, we observed more than 4-fold increase 295 of GPD1 gene expression in all three industrial stocks, a 6-fold increase of GSH1 gene 296 in stocks A and B, similarly to pilot plant, and 5-fold induction in STI1 gene but only in 297 stock C. 298 299
Transcriptional response of oxidative stress genes during the drying process 300
The reproducible induction of GSH1 gene in pilot plant desiccation experiments pointed 301 to oxidative stress response as the main molecular adaptation process along wine yeast 302 biomass drying. In order to study thoroughly this stress response, the analysis of 303 changes in gene expression was extended to additional oxidation gene markers, as well 304 as to other biochemical markers for redox control, such as glutathione levels, or 305 oxidative cellular damage, and lipid peroxidation. 306
Four oxidative stress gene markers representing both the glutathione and thioredoxin 307 systems were analyzed along pilot plant drying: GRX2 and GRX5 genes, coding for 308 dithiol and monothiol glutaredoxins, respectively; and TRR1 and TSA1 genes, coding 309 for cytosolic thioredoxin reductase and a thioredoxin peroxidase. As can be seen in 310 Figure 4 , the mRNA level increases were detected mainly along drying with hot air and 311 also in final ADY product, similarly to the gene marker expression patterns showed 312 previously (see Fig. 2 ). The gene displaying a maximal induction was TRR1, reaching 313 5-fold higher mRNA level in ADY obtained by drying at 35 ºC biomass final 314 temperature (Fig. 4, Panel A) . Also the GRX5 gene showed transcriptional changes, 315 near to 2-fold increase was observed in the final product obtained by drying at 35 ºC 316 and 3-fold for ADY obtained by drying at 41 ºC (Fig. 4,) . The expression analysis ofoxidative stress markers was also carried out for the industrial stocks A, B and C (Fig.  318 3, Panel B), and the elevated expression of the TRR1 gene was again the most important 319 induction, close to a 8-fold rise in stock B. 320
The GSH1 gene codifies for γ-glutamylcysteine sinthetase, the first enzyme involved in 321 glutathione synthesis. As elevated mRNA levels of this gene was observed during the 322 drying process, intracellular levels in glutathione were determined in order to assess 323 correlation between gene expression and physiological adaptation. As can be seen in 324 Figure 5 , the total glutathione levels started to increase after 8 min of hot air drying in 325 the two tested conditions, 35 ºC and 41 ºC (Panels A and B, respectively), and not 326 during previous handling. The higher content of total glutathione in both dehydration 327 conditions was similar, about 60 nmol of glutathione/mg of dry cell weight, but this 328 highest level was observed after 28 min of drying at 35 ºC (Fig. 5, Panel A) , while it 329 was reached after 18 min at 41 ºC (Fig. 5, Panel B) . When both the oxidized and the 330 reduced forms of glutathione were quantified, we found that the elevated glutathione 331 levels were due with a high content of the reduced form. After 8 min in the air-lift dryer, 332
there was a significant increase in the intracellular oxidized GSSG in the two drying 333 temperatures tested, and then it decreased quickly in the following 10 min. As expected, 334 the GSH/GSSG ratio displayed an oxidation peak at the beginning of drying but a 335 reduced state was recovered along drying and the final ADY product showed a 336 reduced/oxidized glutathione ratio even higher than the initial yeast cream (Table 3) . 337
Desiccation has been described as causing multiple molecular stresses including 338 oxidation that can affect all kinds of macromolecules, proteins, nucleic acids and lipids. The expression profiles of GSH1 and TRR1 genes were similar in the two dryingconditions, thus suggesting that these genes were specifically induced by the drying step 418
and not by previous biomass handling. Global ROS accumulation is accentuated in yeast mutants unable to synthesize glutathione 490 (Madeo et al., 1999) . Then, the great dehydration tolerance of the industrial T73 wine 491 yeast strain could be related to its capability to quickly reduce GSSG.
As mentioned, biochemical or physiological differences were not observed in final 493 biomass obtained by drying at 35 and 41 ºC, and fermentative capacity, trehalose and 494 glutathione contents, and lipid peroxidation levels were similar. The main temperature-495 dependent differences were the induction of the heat stress marker STI1 during 496 dehydration at 41 ºC, and also a higher expression of GRX5 at that temperature, in 497 addition to the earlier appearance of the molecular response. GRX5 expression is not 498 induced by oxidative agents, nor by hyperosmotic stress, or high temperatures 499 (Rodríguez-Manzaneque et al., 1999 , 2002 . Therefore, it is likely that the induction of 500 GRX5 described in the present study was not a direct consequence of the drying 501 temperature. Instead, it could be related to several consequences of water loss, that is 502 faster at 41 ºC than at 35 ºC. Water loss affects proteins and other cellular structures, 503 such as membranes and organelles, and also metallic ion concentration, and might be 504 driving the transcriptional induction of GRX5. 
